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INTRODUCTION
Tropospheric ozone (O3) is a major atmospheric oxidant and greenhouse gas, and an important precursor of hydroxyl radical (OH), which determines the atmospheric lifetime of "primary" gaseous pollutants, such as methane (CH4), volatile organic carbon species (VOCs) and carbon monoxide (CO). During the catalytic oxidation of these primary gas pollutants in the presence of NOx (=NO + NO2), O3 is produced. Currently, global models can only capture half of the historical and present-day trends of O3 concentration change and there is a general overestimation (which varies with season and continent) of background O3 abundance. [1] [2] [3] The discrepancy between O3 modelled and measured may partly be attributed to the uncertainties in the assessment of transport and emission terms in global models. [1] [2] [3] Additionally, however, this discrepancy could suggest that our current understanding in O3 chemistry is not yet complete.
Photolysis of NO2 is the only chemical source of O3 in the troposphere. O3 production is known not to be linearly correlated with NOx abundance, but is mediated by NOx, with the highest ozone production efficiency in low-NOx regimes. 4, 5 As such, a small change in NOx abundance in remote regions would result in significant perturbation to O3 chemistry. 4, 5 However, global networks for routine NOx measurements in remote regions are not available and long-term NOx measurements in low-NOx regime are rare. NOx observations have been made at the Cape Verde Atmospheric Observatory (CVAO) since 2006 and short-term ship and aircraft measurements in intensive field campaigns have been reported from limited locations. 4, 6, 7 Column NOx is not an ideal input parameter in O3 models owing to its poor spatial resolution. 8 Models in the pristine marine boundary layer (MBL), terrestrial areas and free troposphere over-predict nitric acid (HNO3) or particulate nitrate levels, and under-predict NOx abundance and NOx/HNO3 ratios. 1, 4, 5, [7] [8] [9] [10] [11] For instance, a reduction to 75% of the predicted HNO3 level was needed to reproduce observations of tropospheric particulate nitrate in a GEOS-Chem study over the United States. 10 These discrepancies between models and observations indicate that either a slower NOx oxidation rate than is recommended is required or a renoxification process which recycles NOx from its 4 oxidation products is missing from global model mechanisms. Lowering the rate constant for reaction of NO2
with OH within its uncertainty does improve the agreement between models and observations, but cannot fully account for the discrepancy. 4, 5 Most global models and even the near-explicit box model mechanisms often fail to include all important NOx oxidation routes, such as reactions between NO and RO2 radicals in forested areas [12] [13] [14] and reactions of NO2 with halogen oxides (mainly BrO and IO) in the MBL. 1, 4, 5, 7-11, 15, 16 Incorporation of these additional NOx oxidation routes, however, actually worsens the agreement between NOx observations and models. 15 The lack of a noontime minimum in the NO2 observations in the remote MBL which has little NOx emissions suggests an unknown NOx source to compensate the fast NO2 photolysis and oxidation losses. 4, 17 Several reactive nitrogen reservoirs, such as PAN and organic nitrates, would help to sustain a critical level of NOx in the background areas. 6, 13, 14 However, the low concentration of PAN means that it is not sufficient to fully account for the discrepancy in the warm MBL, 4, 6, 16 and the role of organic nitrates in environments other than the background terrestrial boundary layer has not been explored. [12] [13] [14] In fact, PAN and organic nitrates are observed to have a noontime-to-afternoon maxima together with their precursors, such as the peroxyacetyl radical and peroxy radicals (RO2), suggesting that they act as NOx sinks, rather than NOx sources at this time. 6, 13, 18 Photolysis of nitrate associated with urban grime is largely enhanced in the laboratory. 19, 20 Photolysis of particulate nitrate, associated with aged sea spray aerosol, has been observed to proceed at a rate that is at least two orders of magnitude faster than photolysis of gaseous HNO3 in clean MBL over the Atlantic Ocean, based on laboratory, model and observational evidences. 15 Gas-phase nitrous acid (HONO) and NO2 were identified as the main products, suggesting that this NOx recycling route may be essential to reconcile the daytime NOx discrepancy between models and observations in low-NOx regimes. The uptake coefficient of 0.8 for XNO3 onto aerosols was updated according to the latest JPL recommendation. 34 The aerosol uptake coefficient of 10 -3 for RONO2 was assumed leading to a hydrolysis lifetime of around 3 hours for RONO2 in the MBL.
12, 14
represents particulate nitrate which is formed within aerosol particles or is in equilibrium with HNO3 in the gas phase. The concentration of unmeasured intermediate species, generated during the oxidative degradation of inorganic and organic compounds, were initialized at zero and given a first order deposition loss term (~24 hr lifetime) to prevent build up to unrealistic levels. 23 The model results presented are relatively insensitive to the deposition rate chosen, however. A steady state concentration of PAN of several tens of p.p.t.v. was calculated by the model but was high compared to the observation of PAN at the low p.p.t.v. level. 4, 6 Decreasing the formation rate of PAN by a factor of ten reduced the modelled concentration in line with the PAN observations. 4, 6 A particulate nitrate-HONO-NOx photochemical cycling mechanism (R3 and R3') was incorporated into the model mechanism. The total production rate of HONO and NO2 from particulate nitrate photolysis were determined from the concentration ( ) and photolysis rate constant of particulate nitrate ( , Eq. For comparison, the diel profile of the photolysis rate constant for nitrate absorbed on silicon surface ( ) can be calculated from the product of the published cross sections, quantum yield, and the campaign relevant actinic flux, integrated between 290 -365 nm (Eq. 3).This photolysis rate constant is found to be at least three orders of magnitude larger than the photolysis frequency of gaseous HNO3, (supplementary information, Figure S1 ). Similarly, the scaling factor for can be determined in a balanced NOx budget (Eq. 2'), taking into account that HONO produced in particulate nitrate photolysis is an intermediate to NOx, via photolysis (R4).
No transport processes were considered in the model, only photochemical processes. As such, we focus the comparisons between model and observation on the daytime only. Model runs with and without the particulate nitrate photolysis mechanism are referred to as "Photolytic" model and "Baseline" model respectively.
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For NOx, HNO3 and O3, the model was constrained to the observations just after sunrise (8:15 a.m. local time), but then allowed to vary for the rest of the day. 4 The model was initialised at midday on the first day and allowed to run for several days with a time-step of half an hour until the concentration of the intermediate species reached steady state. The model results were then compared to measurements of HONO and NOx. The modelled diurnals of species (e.g. HOx) were identical after the first two days of simulations, suggesting that steady state conditions were reached from the third day onwards, and hence the results shown here were all from the fourth day following initiation.
Radicals are able to perturb the NOx budget and NO2/NO ratio via reactions such as R2, R5, R6 and R6'.
The box model including these reactions was able to reproduce OH and HO2 radicals at Cape Verde 21 , and RO2 radicals in the Southern Atlantic ocean, 23, 38 and so these radical-related NOx sink terms can be considered to be well constrained in our study.
RESULTS
HONO calculation. Figure 1 shows the diel profiles of observed and modelled HONO concentrations and
To evaluate the photolysis mechanism and its impact on daytime NOx abundance, the model and observations were compared between 10:00 and 16:00 (local time), approximately two hours after sunrise and two hours before sunset. HONO observations showed a daytime peak occurring slightly earlier than solar noon, and a nighttime minima of around 1 p.p.t.v.. 39 The mean (± 1) of the HONO daytime peak is 5. proposed to be particulate nitrate photolysis (referred to here as the "NOMADSS scenario"). 15 A comparison of the different chemical environments for the RHaMBLe project and the "NOMADSS scenario" is summarized in the supplementary information (Table S1 ). The "Baseline" model ("Baseline" in Figure 1 ) only considers the reaction of NO + OH and the uptake of NO2 on aerosol surfaces and subsequent transformation to HONO as the HONO sources. The low NOx levels observed (around 13 p.p.t.v.) and the low uptake, however, prevent any significant HONO formation via R7, R8 and R8'. 15, 40, 41 Therefore, the observed HONO levels of several p.p.t.v.
are much larger than a photo-steady-state HONO level (below 0.01 p.p.t.v.) calculated by the "Baseline" model just considering R7, R8 and R8' alone with an upper limit uptake coefficient of NO2 of 10 -4 .
(R7)
The "Photolytic" model ( Figure 1 ) is able to reproduce the observations when a typical mixing ratio of 
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The normalized photolysis rate constant ( ) required to reproduce the HONO levels observed in CVAO was only around one sixth of the value used in the "NOMADSS scenario" (Table S1 ),
however. 15 The different in the two studies may be rationalised from the different HONO and particulate nitrate budgets: The daily-average mixing ratio of particulate nitrate measured by a filter impactor method at CVAO varied from 236 p.p.t.v. to 941 p.p.t.v. 42 The variability reflects different air masses reaching the observatory, e.g., from Europe, Africa, or North America on different days. 4, 42 These values were 4 -10 times higher than the particulate nitrate observation in the "NOMADSS scenario". 15, 42 However, the average mixing ratio of HONO of about 5 p.p.t.v. was only about half that observed in the "NOMADSS scenario". The observation of a lower HONO/particulate nitrate ratio during the RHaMBLe project, compared to the "NOMADSS scenario", indicates a lower scaling factor (Ø), considering a similar ratio of to ("Constant" in Eq. 6) for both RHaMBLe and NOMADSS.
Ø
A lower scaling factor (Ø) means a lower for the RHaMBLe project compared to the "NOMADSS scenario" following Eq. 4 and Eq.5. Different aerosol properties in the two different environments were observed. For example, a high abundance of alkaline sea spray aerosol was generated at CVAO with a mean concentration of 11.1 ± 5.5 g m −3 , alongside transported urban/dust aerosol. 4, 42 As such, the particulate nitrate/HNO3 ratio was mostly higher than 10:1 during the RHaMBLe project, whereas this ratio in aged marine air was 1:1 in the "NOMADSS scenario". 15 The high alkalinity of aerosols at CVAO, also implied by cation and anion balance analysis from filter aerosol samples, 30 might suppress both particulate nitrate photolysis and HONO release to some extent. 37 Even for different days during the RHaMBLe project, changes in the anion-to- As a result, the values required to balance the HONO budget varied, as did the scaling factor Ø, which ranged from 0.004 to 0.077 during the RHaMBLe project, as shown in Figure S2 . The variable found here and in previous studies suggests should be analyzed case by case, either by a well-constrained HONO budget analysis as we have done here for CVAO, or by direct laboratory measurements as in the "NOMADSS scenario". 15 Future laboratory measurement of are needed and should be conducted as a function of light absorbing organic components, water content, aerosol acidity, and anion/cation components etc., in order to fully characterize the "matrix effect" on particulate nitrate photolysis.
15, 37
NOx calculation. Figure 2 shows the observed and modelled diel profiles of NO and NO2. The NO2 mixing ratio was observed to be stable throughout the day on some days, but peaked a few hours after solar noon on other days. On average, the daytime NO2 concentration was 11. 4 The "Baseline" model predicts a noontime maximum of NO, but the peak value is very low (0.14 p.p.t.v) relative to the observations. The "Baseline" model also predicts a noontime minima of NO2 of only around 0. 
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NO2 formation from particulate nitrate photolysis, but was unable to reproduce the nighttime NO2 observations ("Photolytic" in Figure 2 ) which may be attributed to transport which was not considered in the model.
The observed noontime maximum of NO is typical for pristine environments, and is governed by NO2 photolysis, given the substantially higher than zero NO2 levels (~ 11 pptv) observed during the daytime. 9 As photolysis of NO2 was considered in the models, both the "Baseline" model and the "Photolytic" model could capture the bell-shaped diurnal profile of NO during the daytime. However, only the "Photolytic" model was able to reproduce the absolute concentration of NO, since included in the "Photolytic" model effectively offset the fast oxidation of NOx via reactions, such as, R1, R2 and R5, and reproduced the NO2 observation.
The budget terms for NOx in global models typically include physical processes (such as transport and deposition), emission, and chemical processing of reactive nitrogen species, such as NOx, PAN, HNO3 and CH3ONO2 (but usually not other RONO2). 1, 9 These global models tend to reproduce NO2 abundance in the nighttime if physical processes were considered, but would predict daytime minima of NO2 abundance if no additional photochemical source of NOx was considered, contrary to the observations. 9, 44 This suggests that transport, deposition and emission were mainly responsible for the nighttime NO2 abundance, but were unable to account for both the abundance and diurnal profile of NO2 during the daytime even with the chemical schemes in global model, e.g., the oxidation routes of NOx mainly via R2 and R5, and photolytic losses of NOx. 4, 9 The 0-D box model cannot reproduce nighttime NO2 observations here because transport and emissions are not considered, and instead to represent the nighttime NO2 levels, the model was constrained to measured values at 8.15 am. In the near-explicit MCM mechanism, the inclusion of comprehensive alkyl nitrate chemistry schemes and halogen chemistry schemes (R1 and R2), serves to enhance NOx loss more so than models, e.g. the global model which typically do not consider these reactions. 9 As shown in in the "Baseline" model in Figure 2 , these losses lead to a fast decay of NO2 after 8.15 am (when the model is constrained) as oxidants (OH, RO2 and BrO etc.) start to accumulate, and results in a minimum in NO2 at noon which is at odds with the observations. The lack of a noontime minimum in the NO2 observations ( Figure 2b) indicates a missing NOx source in the models. 4, 9 The transport of NOx or NOx reservoir species cannot fully account for the missing NOx source during the daytime as CVAO is far away from any emission source of NOx and its reservoirs, such as PAN, would mostly be consumed before reaching CVAO. 4 Furthermore, NOx reservoir species (e.g. PAN) have been observed to peak during the noontime, and thus would be expected to behave as noontime NOx sinks, rather than noontime NOx sources. 4, 6, 13 The flat diurnal profile of total reactive nitrogen observed in the RHaMBLe project (not shown) suggests that the missing NOx source was recycled from NOx reservoir species, rather than rather than transported. 4 With the production of HONO and NO2 from particulate nitrate photolysis, the observation and model discrepancy can be reconciled, suggesting that this novel NOx recycling route is a potential candidate for the missing NOx source.
As stated in the "Model calculation" section, was determined by balancing the NOx budget, which is represented by Eq. 2'. A normalised of 8 × 10 -7 s -1 was employed in the box model in order to reproduce NOx observations. The value of was in fact small compared to the of 1.1 × 10 -5 s -1 . To compare, the HONO/NO2 production ratio from particulate nitrate photolysis was 2:1 in the "NOMADSS scenario". 15 The variation of the HONO/NO2 production ratio in the RHaMBLe project and the "NOMADSS scenario" must be due to the different physical-chemical properties of aerosol as it is stated above, but the higher-than-one ratio of HONO/NO2 production rate in both measurements confirm that HONO is an important intermediate to NOx in particulate nitrate photolysis in pristine marine environments, and thus highlights the importance of HONO measurements for future NOx budget analysis.
NOx budget analysis. Figure 3 shows the diel profile of the rate of production and loss of NOx. Particulate nitrate photolysis is the dominant NOx source. The same conclusion was drawn during the NOMADSS study, highlighting the dominant role of particulate nitrate photolysis in sustaining NOx levels in the pristine MBL. 15 NOx was mainly 15 lost by reactions with BrO, IO, OH and RO2, leading to the formation of BrONO2 ("Bromine Nitrate" in Figure   3 ), IONO2 ("Iodine Nitrate"), HNO3 ("Nitric acid"), and alkyl nitrates ("ANs") respectively. [12] [13] [14] 33 The competition between hydrolysis and photolysis determined the fate of BrONO2 and IONO2 with photolysis leading to the regeneration of NO2 whilst hydrolysis on aerosols led to the formation of particulate nitrate (R1 and R1'). 34 Only hydrolysis of BrONO2 and IONO2 is considered as the net NOx loss route in this study. BrO and IO were constrained in the model from DOAS observations, and the noontime maximum of BrO and IO mixing ratios were 3 p.p.t.v and 2 p.p.t.v., respectively. 1, 31 HNO3 was formed mainly via the gas phase reaction of OH with NO2 (R5).
The dominate sink of HNO3 at CVAO was the uptake by alkaline sea spray aerosol, as indicated from the high particulate nitrate/HNO3 ratio. Alkyl nitrates were formed via the side reactions between RO2 radicals and NO (R6'). The fate of organic nitrates was partly hydrolytic loss on aerosols in the MBL as the latest studies have suggested. [12] [13] [14] These NOx sinks were calculated either using observational terms (such as BrO and IO) or by modelled terms which was in agreement with observations (such as OH).
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Compared to the "NOMADSS scenario", the high levels of BrO, IO and aerosol loading at CVAO favoured high oxidative losses of NO2 via BrONO2 and IONO2 formation and hydrolysis (Table S1 ). Both the total production and destruction rates of NOx in the noontime reached nearly 30 p.p. respectively. The OPE C factor reflects the competition between NOx recycling and depositional losses. It would thus change with both photolysis rate and deposition rate in different environments. In the MBL at CVAO, the OPE C factor reaches nearly 500% in the noontime if a deposition velocity of 2 cm s -1 is assumed for all reactive nitrogen species (Figure 4) . 34 The high partitioning ratio of total nitrate (sum of gas phase HNO3 and particulate nitrate) to particulate nitrate here contributes greatly to the cycling rate of total nitrate, as the photolysis rate constant of particulate nitrate is orders of magnitude faster than the photolysis rate of gas phase HNO3.
The perturbation to O3 chemistry by this recycling of NOx can be considered by considering the perturbation this recycling makes to the O3 production rate. b Values in the "NOMADSS scenario" were from two-day noontime measurements in the NOMADSS project. 
